Abstract. The spatial distribution of phytoplankton can be difficult to assess in shallow, productive aquatic systems due to frequent algal blooms, high turbidity and sediment-resuspension events. We conducted a study to assess the distribution of suspended particles in Lake Okeechobee, Florida, utilizing both Landsat 
Introduction
The spatial distribution of suspended particles in aquatic systems can be difficult to evaluate (Reynolds, 1984) . This is particularly true of large systems, because synoptic sampling becomes increasingly.difficult with increasing ecosystem size (Barale, 1987; Topliss et al., 1990) . Moreover, descriptions of phytoplankton distribution can be of limited value if the algae are influenced by forces (e.g. growth, predation, advection) that occur at time scales too short to adequately sample at relevant spatial scales (Harris, 1986; Fahnenstiel et al., 1988) .
The spatial variance of suspended particle concentrations may be great in shallow, productive systems because their distribution can be influenced by physical factors (e.g. sediment resuspension) acting over short time scales (Ganf, 1974; Padisak et al., 1988; Carrjck et al., 1993) . Phytoplankton blooms often occur in these systems and their extensive coverage can produce undesirable consequences for water quality and public health (e.g. Fogg, 1969) . The tracking of algal blooms can be difficult due to their unpredictable nature and the specialized conditions that spawn their development (see the review in Paerl, 1988) .
Information obtained from satellite remote sensing can be used to evaluate the spatial distribution of in situ parameters in both marine (Gordon et al., 1980) and freshwater (Carpenter and Carpenter, 1983) ecosystems. This approach provides real-time maps of surface water constituents over large spatial fields (Borstad and Gower, 1984) . These data can supply insights into ecosystem-scale processes such as coastal upwelling (Mortimer, 1988) , calcium carbonate precipitation (Strong, 1978) , algal bloom dynamics (Galat and Verdin, 1988) and water circulation patterns (Klemas et al., 1973) , all of which can influence the distribution of particles.
We studied the spatial heterogeneity of chlorophyll and turbidity in Lake Okeechobee, Florida, on 10 occasions using Landsat or Advanced Very High Resolution Radiometer (AVHRR) satellite remote sensing. Satellite monitoring was calibrated with chlorophyll and turbidity measurements made at 20 stations that were sampled by helicopter. These data were originally presented in unpublished agency reports (Gervin and Marshall, 1977; Maceina and Soballe, 1989; Worth, 1989) . In this paper, we synthesize these data to: (i) evaluate the spatial distribution of both chlorophyll and turbidity in Lake Okeechobee, Florida; (ii) assess the environmental applicability of satellite-derived models; (iii) present a hypothesis to explain the dominant particle distribution patterns observed in this lake.
Our data indicate that the distribution of both chlorophyll and turbidity in the lake is heterogeneous, and these parameters often do not coincide in their occurrence. These results suggest that the distribution of each parameter is influenced by different forces: turbidity is concentrated at the lake center and appears to reflect the predominant lake circulation patterns, while chlorophyll is high in the vicinity of tributary inputs. High turbidity at the lake's center may account for lower algal yield in this region relative to other locations (Canfield and Hoyer, 1988; Schelske, 1989; Phlips et al., 1993) .
Method
The Lake Okeechobee ecosystem Lake Okeechobee (surface area = 1732 km 2 ) is the third largest lake in the USA (Herdendorf, 1982) . The basin is shallow (mean depth = 2.7 m) and saucer shaped, characterized by a compact-sand bottom in the western region and softer, flocculent-mud sediments covering a large portion of the central basin and extending eastward (Reddy, 1991;  Figure 1 ). Water depths are generally <2 m, except for the mud area south of the lake's center where depths can exceed 3 m.
Lake Okeechobee is located in southern Florida (26°58'N, 80°50'W) -75 km northwest of Miami (Figure 1 ) and is considered subtropical based upon the thermal criteria (temperature range: minimum >15°C and maximum >30°C) outlined in Beaver et al. (1981) . The lake receives most of its drainage from the Kissimmee River chain of lakes at the north, and discharges water south to the extensive Everglades wetland system. Most of the lake's perimeter is diked and water movement is controlled by a combination of navigational locks, pump stations, spillways and hurricane gates situated along the dike (Federico et al., 1981) . Soils within the Lake Okeechobee drainage basin are generally characterized as clastic sediments, moderate in pH and mineral content (Brown etal., 1990) . At present, Lake Okeechobee supports important sport and commercial fisheries (Fox, 1987) . Littoral vegetation occurs along much of the lake's perimeter, but is most extensive along the west half of the lake (Milleson, 1987) . The lake is considered to be at the eutrophic end of the trophic spectrum for both temperate and subtropical lakes (Canfield, 1983) . Average annual surface water chlorophyll concentrations, measured from 1974 to 1990, ranged from 19 to 27 jig r 1 (Canfield and Hoyer, 1988) , while the ranges in average annual total nitrogen and phosphorus values are 1570-2620 and 49-122 u.g I"
Water column sampling
Water samples were taken at in-lake stations for both satellite ground truthing and to evaluate water quality trends within the basin. For ground-truthing purposes, surface water samples (2 1) were collected at 20 stations by helicopter on four dates in 1974-75 (19 October, 4 February, 5 May and 8 September) and six dates in 1987 (15 June, 20 July, 27 July, 17 August, 14 September and 21 September). All sampling coincided within 2 h of satellite overpasses, which occurred between 08:00 and 11:00 h and at 14:00 h. Once collected, samples were kept dark, on ice, and returned to the laboratory to be processed within 4h.
Sampling was conducted over a large portion of the lake (30-50 nearshore and six offshore stations; Figure 1 ) in order to better resolve the spatial and temporal diversity in physicochemical conditions characteristic of Lake Okeechobee (Schelske, 1989) . Water was collected from a boat using a clean 0.5 1 Van Dorn bottle on 67 occasions at approximately twice-monthly intervals from August 1986 to December 1988. Once collected, water was transported to the laboratory as described above.
On all water samples, chlorophyll-a was determined by concentrating lake water subsamples onto filters (Whatmann GF/C, pore size 1.2 u-m), grinding the filters with a tissue grinder (1-2 min) and extracting the pigments in 90% acetone buffered with MgCO 3 . Chlorophyll-a concentrations in the extract were then determined with the trichromatic method using a Coleman 124D spectrophotometer (Strickland and Parsons, 1968) . In 1974-75, turbidity (in Jackson Turbidity Units, JTU) was measured with a HACH Laboratory Turbidimeter (Model 1860A), while samples taken from 1986 onward were measured with a nephelometer (Nephelometer Turbidity Units, NTU) following standard methods (American Public Health Association, 1985) . Water transparency was estimated using a standard (25 cm diameter) black and white Secchi disk.
Synoptic mapping of algal blooms
The areal coverages of surface algal blooms in Lake Okeechobee were determined during systematic lake cruises aboard a boat equipped with Loran-C. Bloom location and extent were geo-referenced from the boat. Chlorophyll determinations of lake water collected at the nearshore-offshore sampling array and samples collected during the systematic cruises were used to define the magnitude of algal standing stocks. These cruises were carried out on the six dates in 1987 corresponding with satellite overpasses.
Algal blooms were defined as waters where the chlorophyll concentration exceeded 40 u.g I"
1 . This chlorophyll level was chosen because it is ~2-fold higher than the 20 year long-term average in the lake (Maceina and Soballe, 1990) , and is indicative of hypereutrophic water quality conditions (Forsberg and Ryding, 1980) .
Satellite monitoring
Reflectance data sensed with a Landsat multispectral scanner (resolution 30 m) were obtained in 1974-75 using computer-compatible tapes (Gervin and Marshall, 1977) . Tape images were displayed on a General Electric Multispectral Image Analyzer located at the Kennedy Space Center, NASA, overlying a map of the 20 in situ stations that were sampled by helicopter (triangles in Figure IB) . Reflectance values were averaged over a 20 pixel area at these same 20 stations using four Landsat radiance bands (Band 4, green; Band 5, red; Band 6, near-infrared; Band 7, mid-infrared). Averaging pixel values reduced the error arising from uncertainty in locating the in situ stations. The observed Landsat radiance values were compared to in situ surface water chlorophyll and turbidity estimates using multiple regression (see below). Final lake-wide maps of estimated concentrations for both chlorophyll and turbidity were prepared by a spatial smoothing technique utilizing a 36 pixel window area.
On six occasions in 1987, satellite images were obtained using the AVHRR aboard the NOAA television and infrared observation satellites, TIROS (Worth, 1989) . Two satellites make daily, near-polar passes (north to south) over Florida during daylight hours; number 9 passes at ~14:00 h and number 10 at 08:00 h (resolution 1100 m). The satellites are outfitted with five AVHRR sensors to detect reflected radiation (channel 1, red; channel 2, near-infrared; channels 3-5, thermal-infrared). AVHRR reflectance data were averaged over a 3 x 3 pixel window around each of the 20 in-lake stations.
Data analysis
Regression models to predict both chlorophyll and turbidity in 1974-75 were based on relationships between reflectance remotely sensed at Landsat Bands 4-7 (green to mid-infrared wavelengths) and in situ values of these parameters. Because non-linearity can exist in some of these relationships, models were run using several mathematical transformations of the reflectance values (ratios, logarithms, exponential), some of which compensate for environmental variations (e.g. sun angle). Realistic models were developed by retaining only those terms which explained a significant variation (f-values, P < 0.05).
The distribution of chlorophyll and turbidity in 1987 was determined by regressing reflectances, remotely sensed with AVHRR at near-infrared (Band 2) and red (Band 1) wavelengths, onto in situ parameter measurements. Raw digitized data for each of the six scenes were adjusted to a common solar zenith (45°) and corrected for atmospheric scattering (Ritchie et al., 1987) . The resulting data were converted to radiance and reflectance values (Stumpf, 1987) . Chlorophyll concentrations were estimated by the ratio of Band 2 to Band 1 (near-infrared/red wavelengths) and turbidity was estimated by the sum of Bands 1 and 2 (red + near-infrared wavelengths). These procedures were developed by Stumpf and Tyler (1988) for coastal, marine waters.
Additional corroboration of chlorophyll sensing was obtained by comparing the spatial coverage of algal blooms sensed with AVHRR with those derived from synoptic sampling methods. The spatial coverage of algal blooms determined from synoptic surveys and AVHRR-derived maps was transferred to geographical lake reference maps, and these areas were in turn quantified by digitization (AUTOCAD v. 11, 1990) . Because areas <20 km 2 in size were difficult to resolve with AVHRR, only algal blooms of greater size were included in both AVHRR and synoptic estimates of total bloom coverage to ensure a more realistic comparison.
Results

Atmospheric conditions and satellite imagery
Numerous satellite scenes were analyzed from May to October 1987 in order to evaluate the influence that local weather had on the quality of retrieved AVHRR satellite images. Only 35% of the 175 scenes analyzed were sufficiently clear of cloud cover (<10% of lake surface area covered by clouds) to capture usable satellite images. There was also diel variation in the frequency of interpretable satellite images that were obtained. For example, more cloud cover (average 75%) was encountered in the afternoon compared with morning passes, except in July.
Satellite monitoring of chlorophyll
The satellite-derived models provided reasonable estimates of in situ concentrations, showing that the distribution of chlorophyll is heterogeneous in Lake Okeechobee (Figures 2 and 3) . Models based on Landsat-sensed reflectance explained much of the variation of in situ chlorophyll (range of R 2 = 0.70-0.88) and contained 3-4 terms ( Table I ). The relationships between the AVHRR images and in situ chlorophyll were significant (range of r 2 = 0.46-0.71, P < 0.05) on five of six occasions (excluding 21 September, r 2 = 0.14), but produced a more coarse spatial view of particle distributions relative to maps generated with Landsat (Table I) .
For chlorophyll concentrations, the 1974-75 Landsat images indicated that relative concentrations tended to be greatest nearshore, although the specific location varied among dates. For example, on 19 October 1974, high chlorophyll concentrations (41-60 u.g I" 1 ) covered a large area along the western shore at Fisheating Creek inlet; limited areas of comparable chlorophyll standing stocks were observed along the north and east shores (Figure 2A) . A large ring of high chlorophyll (31-40 u,g I" 1 ) ran parallel along much of the lake's perimeter, encircling a central region of lower chlorophyll (0-30 jig I" 1 ). On 4 February, much of the lake was homogeneous (11-20 u,g I" 1 ), with areas of high chlorophyll (26-30 \xg \~l) occurring along the west shore from Nubbins Slough south to Fisheating Creek and a large area at the lake's center ( Figure  2C ).
The 1987 AVHRR maps also illustrate spatial heterogeneity in chlorophyll, as the north-central portion of the lake supported higher standing stocks on all six dates (Figure 3) . Concentrations tended to be lower along the southwest portion of the lake, spanning from Fisheating Bay to the southern tip of the lake near the Ritta and Torry islands. The highest concentrations were usually observed in the northern-most portion of the lake at the Taylor Creek/Nubbin Slough inlet. This was particularly true on 15 June ( Figure 3A ) and both sampling dates in September, although cloud cover interfered with the latter two sightings. On two dates (20 July and 17 August) high standing stocks occurred along much of the lake's perimeter ( Figure 3D ).
Spatial coverage of algal blooms: comparison between remote sensing and synoptic mapping
The total algal bloom coverage, determined by synoptic boat and helicopter sampling, ranged from 30 to 247 km 2 (Figure 3) . The highest concentrations of , panels A and D) and turbidity (NTU, panels C and F) derived with AVHRR satellite remote sensing (1987) in Lake Okeechobee, Florida. In-lake chlorophyll concentrations and coverage of algal bloms (panels B and E) were determined from synoptic boat surveys. Table I . Regression models used to predict water column chlorophyll (Chi) levels in Lake Okeechobee, Florida, from remotely sensed reflectance (ns denotes non-significant at P < 0.05). Detection of reflected light was accomplished using two AVHRR sensors (Bl, red; B2, near-infrared) and four Lundsal sensors (B4, green; B5, red; B6, near-infrared; B7, mid-infrared) Dale phytoplankton were observed along the west, north and east perimeter of the lake. The greatest coverage was measured on 15 June, when a large bloom extended along the north and east shore; a second, smaller bloom was observed along the northwest shore ( Figure 3B ). Considerable bloom coverage was also noted on 20 July and 21 September in the vicinity of Taylor Creek/Nubbins Slough (northern lake region) and westward near Fisheating Creek ( Figure 3E ). Smaller, isolated blooms occurred on the other three dates (surface area = 30 km 2 ). Additional corroboration of these remote sensing results was obtained by regressing the spatial coverage of chlorophyll identified from AVHRR maps (chlorophyll >40 n-g I" 1 , green shading in Figure 3A and D) with those determined by the independent, synoptic mapping. The correspondence for this comparison was high (y = 0.9* -33.5, r 2 = 0.79, P < 0.01) compared with that derived from relationships between AVHRR and routine ground truthing at the 20 in-lake stations (Table I ). The slope of this regression is close to one, indicating that the bloom surface areas determined with both techniques were similar in magnitude. It is also interesting to note that AVHRR-derived chlorophyll values in the 30-40 u,g I" 1 range (yellow shading, Figure 3A and D) correspond with those measured during synoptic surveys ( Figure 3B and E).
Satellite monitoring of turbidity
The maps generated with both Landsat and AVHRR remote sensing provided good estimates of in situ turbidity on all dates (Table II) . Equations to predict turbidity based on Landsat remote sensing used reflectance sensed with 1-2 bands (range of R 2 = 0.77-0.90). The relationships between the AVHRR images were adequately described by the sum of Bands 1 and 2 (range of r 2 = 0.55-0.87) on all but one occasion (August 17, r 2 = 0.08). While the specific location of both the lowest and greatest concentrations of turbidity in Landsat maps did vary among dates, a consistent feature was that Table II . Regression models used to predict water column turbidity (Turb) levels in Lake Okeechobee, Florida, from remotely sensed reflectance (ns denotes non-significant at P < 0.05). Sensor configurations are defined in turbidity tended to increase towards the center of the lake (Figure 2 ). The increase in concentration formed several (2-4) concentric rings around the epicenter of highest concentrations in the east-central region of the lake. This was particularly true on 19 October and 4 February ( Figure 2B and D) . Maps for both 5 May and 8 September showed the characteristic 2-3 rings of increasing turbidity, surrounding a central region of highest concentration. Turbidity maps generated by just Band 5 sensors of reflectance data may be sufficient (range of r 2 = 0.62-0.87; see Gervin and Marshall, 1977) . Turbidity maps derived from AVHRR sensing for the six dates in 1987 showed a similar pattern to those derived from Landsat remote sensing ( Figure  3) . Turbidity tended to increase towards the center of the lake, forming 1-3 concentric rings around an area of greatest concentration near the center of the lake ( Figure 3F ). On one occasion (15 June), the high turbidity was observed at the northern margin of the lake ( Figure 3C ) corresponding, in part, to high chlorophyll concentrations ( Figure 3A) .
In general, AVHRR maps of both chlorophyll and turbidity provide less spatial detail compared with the Landsat maps. This is most likely due to the lower spatial resolution of AVHRR remote sensing relative to Landsat. As a result, the development of meaningful AVHRR maps required that a larger lake area be averaged to reduce location errors.
In situ distribution of chlorophyll and turbidity
Intensive spatial and temporal sampling of Lake Okeechobee (1986-1988, n = 1930) , like the satellite information, indicates that environmental conditions vary geographically within the basin. In general, levels of chlorophyll and particularly turbidity in nearshore waters differ from those in open waters. Average (±1 SD) water column turbidity was nearly 3-fold higher at the offshore sites (23.8 ± 19.5 NTU) compared with nearshore stations (8.3 ± 9.3 NTU), while light penetration (Secchi depth) was nearly 2-fold higher in nearshore waters (0.9 ± 0.4 m) compared with those offshore (0.5 ± 0.3 m). Some differences were also noted in chlorophyll-a levels, as nearshore concentrations (30.3 ± 23.2 u,g I" 1 ) tended to be higher than those characteristic of offshore waters (24.2 ± 15.9 u.g I" 1 ). Higher turbidity levels in 1974-75 (22.6 ± 8.1 JTU) compared with samples taken in 1987 (12.8 ± 4.1 NTU), are apparently due to the change in methodology (see Maceina and Soballe, 1990) .
The relationship between chlorophyll and turbidity appears to be site specific in Lake Okeechobee (Table III) . Regression models for in-lake chlorophyll versus turbidity were derived from a subset of the sampling array that coincided with satellite remote sensing in 1987 (June-September 1987, n = 242). The slope and level of correspondence for chlorophyll-turbidity regressions decreased along a nearshore-offshore gradient. Relationships for nearshore sites in the west (between Third Point and Observation Islands; Figure 1 ) and south (southward of Kreamer Island) lake regions had a higher chlorophyll per unit turbidity compared with northern sites (Kissimmee River to Taylor Slough) and those offshore (stars in Figure 1 ). As expected, the intercept values show that background levels of turbidity increase along this same nearshore-offshore gradient.
Discussion
Spatial patterning of suspended particles in Lake Okeechobee
Both in-lake sampling and satellite remote sensing show that the spatial distribution of particles in Lake Okeechobee is heterogeneous. A striking feature is the frequent lack of correspondence between chlorophyll and turbidity within the basin. Chlorophyll concentrations were often maximal along the lake's shoreline and areas adjacent to aquatic vegetation (9 of 10 satellite maps), while turbidity was highest in the central area of the lake (9 of 10 maps). While we did not determine the absolute contribution of chlorophyll to water column turbidity, site-specific relationships between chlorophyll and turbidity do demonstrate the dynamic particle distribution patterns in this lake (see Table  III ). This site-specific disparity appears to be persistent through time (Maceina, 1993; Phlips et al., 1993) , suggesting that each parameter is driven by different factors (see below). At present, it is unclear whether chlorophyll-turbidity decoupling, like that in Lake Okeechobee, is diagnostic of accelerated eutrophication. Certainly, shallow, productive lakes exist where high turbidity is attributed to phytoplankton biomass (e.g. Schelske et al., 1992) . The satellite-derived maps for both chlorophyll and turbidity generated herein appear to provide an accurate representation of in situ particle distribution patterns in Lake Okeechobee. Good agreement was achieved between the remotely sensed reflectance and both in situ chlorophyll and turbidity using both Landsat (average R 2 = 0.81 ± 0.4, n = 8) and AVHRR (average R 2 = 0.53 ± 0.22, n = 12). Further corroboration of our methodology was indicated by the high correspondence between areal bloom coverage estimates determined by AVHRR and synoptic in-lake surveys. These results are encouraging considering that difficulties can arise when applying remote-sensing technology to the study of shallow, turbid aquatic systems due to interference among covariates (e.g. chlorophyll, suspended solids and dissolved organic matter; Lathrop and Lillesand, 1986) . However, meteorological conditions can limit the information obtainable from remote sensing (e.g. Brown et al., 1985) , and this problem may be particularly troublesome in subtropical regions, such as south Florida, where haze and cloud cover are common occurrences (Chen and Gerber, 1991 ; this study). Also, reflectance due to shallow water depth and the presence of aquatic vegetation can be mistaken for areas of high particle concentrations, and thus requires careful ground truthing to avoid misidentifications (Worth, 1989) .
Interpretation of remote-sensing models
Models based on remotely sensed reflectance and in situ parameters can be difficult to interpret, because they tend to be time and site specific (see Millie et al., 1992) . We obtained mixed results with regard to this point. Landsat turbidity models were fairly consistent among dates and comparable to studies performed on other inland lakes and estuarine systems. For instance, Ritchie et al. (1990) found that simple linear models based on Landsat reflectances predicted suspended solids concentrations, except at high concentrations (>200 mg I" 1 ). On the contrary, our Landsat-based chlorophyll models were complex in configuration (non-linear expressions composed of 3-4 terms). Reflectances sensed with Landsat Bands 4 and 5 (green and red light) are generally related to the presence of chlorophyll, while infrared wavelengths often indicated particle scattering (Hardisky et al., 1986) . The complexity of our equations may be expected, since the absorption properties of mixed assemblage phytoplankton influence the optical nature of reflected light and can require greater complexity for adequate characterization (Morel and Bricaud, 1980) . The chlorophyll and turbidity models derived with AVHRR were patterned after those developed for coastal marine environments (Stumpf and Tyler, 1988) . Because few universal remote-sensing models exist, one strength of our approach is that AVHRR model parameterization was held constant among dates. Corrections made for albedo changes and sun angle between dates were successful in reducing atmospheric influences and may, in part, account for the consistency of model coefficients. However, the limited success of AVHRR models to predict in situ chlorophyll concentrations might have resulted because, unlike Landsat, the AVHRR sensor array (Band 1, red) is capable of sensing only a limited portion of the chlorophyll absorption signal (670-680 nm; Stewart, 1974) . Also, AVHRR may not be suited to resolving small-scale features common to Lake Okeechobee, since the average size of algal blooms in this lake (SA = 60 km 2 , n = 145; H.J.Carrick, unpublished data) is small relative to the scales at which AVHRR is routinely applied (100-300 km 2 ; Price, 1983) .
Higher resolution sensing capabilities now exist following the deployment of more contemporary satellite remote-sensing systems (Lillesand and Kiefer, 1987) and the development of fixed-wing multispectral sensors (e.g. Millie et al., 1992) . These instruments may remedy some of the aforementioned difficulties inherent in studies of shallow, turbid ecosystems. For instance, the detection of more wavelengths from reflected signals can allow the analysis of specific pigment groups. Also, flight passes using fixed-wing sensors can be timed to avoid unfavorable meteorological conditions, while capturing meaningful environmental events (e.g. occurrence of specific algal blooms or wind-induced sediment resuspension).
Decoupling of chlorophyll and turbidity in Lake Okeechobee: a hypothesis
We believe that high concentrations of turbidity in central Lake Okeechobee result from accumulation, and subsequent resuspension, of materials deposited in this region by dominant lake water circulation patterns. This idea is supported by the work of Sheng et al. (1991) , who developed a water circulation model for Lake Okeechobee that accurately predicts the basin-wide distribution of sediments to be greatest in the east-central region. On the contrary, high chlorophyll levels tend not to be highest at the center of the lake, but rather in proximity to major tributaries at the lake's perimeter. Thus, empirical measurements of water circulation in Lake Okeechobee seem to better reflect spatial patterns in turbidity rather than the patterns observed for chlorophyll. This result seems reasonable, in that sediment tracking of water circulation patterns has been observed in other systems where satellite remote sensing was used (Klemas et al., 1973; Gower et al., 1980) .
A three-dimensional water circulation model for Lake Okeechobee was developed that can simulate both basin-wide water circulation and the distribution of suspended sediments (Sheng et al., 1991) . The model indicates that currents are primarily wind driven, characterized by accelerating surface water flow in the windward direction, with near-bottom return flow. In general, surface waters (range in velocity 3-15 cm s" 1 ) in the lake tend to move parallel to the aquatic vegetation around the lake's perimeter and converge inward to create central gyring (Figure 4) . The model is based on several experiments conducted during two 4-7 week periods (September 1988 and May 1989) , whereby Sheng et al. (1991) deployed platforms with mounted instrumentation to measure several environmental parameters (wind speed and direction, wave height, temperature, pressure and suspended solids) at six sites in Lake Okeechobee. While the location and configuration of the central gyre(s) can vary with changes in wind speed and direction, the common feature is the development of surface-bottom opposing flow fields in the central region of the lake. A similar relationship between wind and lake circulation has been documented for Lake St Clair, Michigan (SA = 1100 km 2 ; Schwab et al., 1989) . The sediment depositional zone in Lake Okeechobee (Reddy, 1991;  Figure 1 ) coincides with this central gyre, where the highest levels of turbidity were measured (see Figures 2 and 3) . The nature of these loose, unconsolidated sediments is such that they are easily resuspended by wind-induced bottom flow (Sheng et al., 1991) . In fact, turbidity in Lake Okeechobee is correlated with wind speed at central lake stations (Maceina and Soballe, 1990) , suggesting that this process might contribute to the.reduced light penetration we observed offshore. Wind-induced sediment resuspension is common in shallow, productive systems with flocculent sediments (Carper and Bachmann, 1983) , and can limit primary production (Hellstrom, 1991) and algal standing stocks (Padisak etal., 1988) through light attenuation. With this in mind, it seems likely that reduced light penetration in the offshore waters in Lake Okeechobee might account for lower algal yield (Canfield and Hoyer, 1988) , and thus promote further decoupling of chlorophyll and turbidity. Chlorophyll was generally higher in the vicinity of tributary inputs; intensive phytoplankton studies in Lake Okeechobee have also identified this as an area of frequent bloom occurrence (Swift et al., 1987; Maceina and Soballe, 1989) . More than 50% of phosphorus and 30% of nitrogen inputs to the lake can be accounted for by loadings from two major tributaries (Kissimmee River and Taylor/Nubbins Slough) at the north end of Lake Okeechobee (Federico et al., 1981; Jones, 1987) . Compared with offshore waters, the nearshore zone tends to have better light penetration (2-fold higher Secchi depth) and lower turbulence due to the disruption of water currents by the aquatic vegetation (Sheng and Lee, 1991) . Because adequate nutrients, light and low turbulence are important to the development of algal blooms (e.g. Paerl, 1988) , it makes sense that this north-northwest nearshore region would promote development of the dense phytoplankton standing stocks that we observed. Moreover, the response of algae to nutrient inputs in large lakes is often localized to relatively small spatial regions in close proximity to the nutrient source (Schelske, 1980 (Schelske, , 1989 , although wind can concentrate chlorophyll in specific lake regions (Home and Wrigley, 1975) . The eventual offshore transport of scenescent phytoplankton blooms, and materials loaded from the tributaries, may eventually contribute to even higher particle concentrations in offshore waters.
In summary, our data demonstrate that satellite remote sensing can be useful in evaluating qualitative, lake-wide differences in particle densities in shallow, turbid aquatic systems. High concentrations of phytoplankton can be identified and mapped due to the high degree of contrast (relative differences) in lake-wide chlorophyll concentrations, despite some of the aforementioned limitations. These data may also be used to infer (and eventually evaluate) factors that underlie the observed spatial patterning. Our data are consistent with the hypothesis that turbidity and chlorophyll are not tightly coupled in Lake Okeechobee, and thus are influenced by different forces. Turbidity is concentrated at the lake center and appears to reflect the predominant lake circulation/ resuspension patterns, while chlorophyll is highest in the vicinity of tributary inputs. Therefore, while internal nutrient loading represents a significant component of Lake Okeechobee's nutrient income (Canfield and Hoyer, 1988; Soballe and Maceina, 1990; Maceina, 1993) , external loads from major tributaries appear to contribute to the development of nuisance algal blooming in this lake.
